It is now well established that L-alanine and L-glutamine have an important function in the transport of carbon and nitrogen between tissues. L-Alanine is released into the circulation by a number of tissues, but skeletal muscle is the most significant contributor (for review see Snell, 1980) , and it is removed mainly by the liver for conversion into glucose (Mallette et al., 1969; Felig et al., 1970; MacDonald et al., 1976) . L-Glutamine is also released from muscle and is taken up by the small intestine, where it is both an important respiratory fuel (Windmueller & Spaeth, 1978; Watford et al., 1979) and also contributes carbon and nitrogen for L-alanine formation and subsequent release (Windmueller & Spaeth, 1975 Hanson & Parsons, 1977; Remesy et al., 1978) . In addition, L-glutamine is taken up by the kidney in acidosis to provide ammonia for excretion (for review see Lund, 1980) . During lactation the mammary gland of the rat becomes an additional site of net protein synthesis and it would therefore be expected to have increased requirements of amino acids for the formation of milk proteins. A recent study has shown that appreciable amounts of plasma amino acids are extracted by the gland during lactation (Vinfa et al., 1980) . Work from this laboratory has demonstrated that L-leucine is taken up by the gland in vivo and Vol. 196 that part of the carbon is used for lipogenesis (Viiia & Williamson, 1981) .
The present paper is concerned with the effects of lactation on the blood concentrations of L-alanine, L-glutamate and L-glutamine, and on the relative uptake of these amino acids by the gland in vivo. In addition, a quantitative assessment of the metabolism of L-alanine in isolated acini from mammary glands of fed and starved lactating rats is reported. A novel finding is that a considerable proportion of the carbon of L-alanine utilized by the acini from fed lactating rats in vitro is converted into lipid; this observation extends qualitative measurements with lactating-mammary-gland slices (Abraham et al., 1964) .
Experimental Materials (a) Rats. Lactating rats of the Wistar strain (250-325 g) with between nine and ten pups were used at peak lactation (10-15 days); virgin rats weighed 190-210g. Rats were anaesthetized with nembutal (50mg/kg body wt.) and the pups were allowed to continue to suckle to maintain prolactin secretion (Amenomori et al., 1970) before removal of the inguinal mammary glands. The rats were fed 0306-3283/81/060757-06$01.50/1 (© 1981 The Biochemical Society ad libitum on Oxoid breeding diet (Oxoid, London, U.K.). One group of lactating rats was fed from parturitiop with a 'cafeteria diet' in which the animals were offered a variety of palatable highenergy foods in addition to their normal chow diet (Rolls et al., 1980) . One group of virgin rats was fed with the cafeteria diet for a period of 12-14 days. This type of diet induces hyperphagia (Sclafani & Springer, 1976; Rolls et al., 1980) . Starved lactating rats (with pups) were deprived of food for 24h. Some lactating rats had their pups removed for 24 h and are referred to in the text as 'weaned' rats.
( 
Methods
Studies in vivo. For the measurements of arteriovenous differences across the gland, venous blood was collected from both pudic-epigastric veins into a heparinized syringe. Other blood samples were collected from the portal vein and from the abdominal aorta. The .blood (0.5ml) was added to 2ml of 6% (w/v) HCl04 and the mixture was centrifuged at 3000rev./min for 10min to remove protein. The supernatant was neutralized with 20% (w/v) KOH and the KC104 precipitate was removed by centrifugation (3000rev./min for 10min). This final supernatant was decanted off and used for the determination of amino acids by enzymic methods. In the case of the venous blood the results for the two samples on each rat were combined to produce a mean value.
Studies in vitro. Preparation of acini. Acini were prepared by a modification of the procedure of Katz et al. (1974) . For full details see Robinson & Williamson (1977) and Williamson & Robinson (1979) .
Preparation of liver cells. Isolated hepatocytes were prepared from fed rats essentially by the method of Berry & Friend (1969) as modified by Krebs et al. (1974) .
Incubation procedure. The acini (about 100mg wet wt.) were incubated in a total volume of 4 ml of Krebs-Henseleit (1932) saline containing glucose (5mM) and other additions where indicated. The following concentrations of other compounds were used where stated: L-alanine (1 mM), dichloroacetate (0.5mM) and insulin (30m-units/ml). The isolated hepatocytes (about 80mg wet wt./4ml) were incubated in Krebs-Henseleit (1932) saline with L-alanine (5 mM).
Determination of lipid. Lipid was extracted from the acini at the end of the experiment as described by Robinson & Williamson (1977a) . In some experiments the lipid was saponified and the fatty acids were extracted as described by Stansbie et al. (1976) .
Determination of metabolites. These were by enzymic methods: D-glucose (Slein, 1963) ; L-lactate and pyruvate (Hohorst et al., 1959) ; L-alanine (Williamson et al., 1967) ; L-glutamate and Lglutamine (Lund, 1974) .
Measurements of radioactivity. These were carried out as described by Williamson et al. (1975) .
Expression of results. Rates of alanine utilization and glucose, lactate and pyruvate production by isolated hepatocytes were obtained from graphical plots of 20, 40 and 60min values. The rates of '4CO2 formed from [1-'4C]alanine, 14C-labelled lipid from [U-_4C]alanine, glucose removal and pyruvate and lactate production by the acini were obtained from the 30 min and 60min values.
Results and discussion Amino acid concentrations in arterial blood
At peak lactation the dietary intake of the rat is increased about 3-fold (Fell et al., 1963) . This hyperphagia was associated with an increase in the concentration of L-alanine and L-glutamate and a decrease in the concentration of L-glutamine in arterial blood of lactating rats compared with virgin rats (Table 1) . Inhibition of lactation by removal of the pups (24 h) did not affect the concentration of L-alanine and L-glutamate compared with normal lactating rats, but L-glutamine values returned to the concentration found in virgin rats fed a chow diet. Starvation (24 h with pups) of lactating rats produced a significant decrease in the concentration of L-alanine and L-glutamine compared with corresponding values for fed lactating rats (Table 1) . Virgin rats fed a cafeteria diet showed a significant increase in the concentration of L-alanine, L-glutamate and L-glutamine in arterial blood compared with virgin rats fed a chow diet (Table 1) . In lactating rats on the cafeteria diet the concentration of L-alanine and L-glutamate was further increased, whereas the concentration of L-glutamine did not show a significant change compared with virgin rats fed the chow or cafeteria diets (Table 1) .
Comparison of the concentrations of L-alanine, L-glutamate and L-glutamine in portal vein and in arterial blood of lactating rats fed a chow or a cafeteria diet (Table 2) showed that the arterial L-alanine concentration was significantly lower (P<0.05) than that in the portal vein, whereas the arterial L-glutamine tended to be higher in lactating rats fed the chow diet and was significantly higher (P<0.05) in cafeteria-fed lactating rats. There was no difference in the L-glutamate concentration between portal vein and arterial blood ( (Table 3 ). The hepatocytes from lactating rats fed with the chow or cafeteria diet removed significantly less (P <0.05) L-alanine than those from virgin rats fed the chow diet (Table 3) . This lower L-alanine uptake was accompanied by decreased output of glucose, L-lactate and pyruvate. Lactation is characterized by hypertrophy of liver (Chatwin et al., 1969) (Table 3 ). The glucose, L-lactate and pyruvate output was also lower, but only in the case of lactate was the decrease significant. In the three situations where L-alanine removal by isolated hepatocytes was lower compared with the values for virgin rats fed the chow diet the food intake is known to be increased. Taken together these two facts may explain the relative hyperalaninaemia that occurs in virgin rats fed the cafeteria diet and in lactating rats (Table 1 ).
The decrease in alanine removal was associated in all situations studied with a lower activity of hepatic alanine aminotransferase (results not shown).
Uptake by the mammary gland Arteriovenous differences for L-glutamate, L-glutamine and L-alanine were measured across the mammary gland of lactating rats fed on the chow or cafeteria diet (Table 2) . On both diets the mammary gland extracted appreciable amounts of L-alanine and L-glutamine. However, the amounts removed by the glands of rats fed the cafeteria diet were significantly higher (P <0.05) than those fed the chow diet. The amount of L-glutamate extracted by Table 2 . A rteriovenous differences for glutamate, glutamine and alanine across inguinal mammary gland of lactating ratsfed the chow or cafeteria diet andportal vein concentrations The results are means + S.D. expressed as umol/ml of whole blood. The numbers of rats are shown in parentheses. Venous blood samples were taken from the pudic-epigastric vein.
State of rat . . .
Portal vein Arterial Venous Arteriovenous differences
Vol. 196 (Table  4 ). In the absence of glucose in the medium the rate of 14CO2 production from L-[1-14Clalanine was 35% lower than when glucose is present (results not shown). This finding may be explained by a deficiency of oxo acids (mainly oxoglutarate) for transamination when exogenous precursors are omitted from the medium. The rate of production of 4CO2 (in the presence of glucose) from L-[1-"4Clalanine was five times greater in isolated acini from glands of fed (chow diet) than starved (24h with pups) lactating rats (Table 4 ). This finding is in agreement with the decrease in the proportion of pyruvate dehydrogenase in the active form in mammary glands of starved lactating rats (Kankel & Reinauer, 1976; Baxter & Coore, 1978) . Further evidence that it is the activity of pyruvate de- by acini from starved lactating rats was the increase (about 300%) in the rate of "4CO2 production when dichloroacetate (an activator of pyruvate dehydrogenase; Whitehouse & Randle, 1973; Whitehouse et al., 1974) was present in the medium (Table 4) . This inhibition of alanine utilization is in direct contrast with the finding that catabolism of L-leucine is not altered in acini from starved lactating rats (Vinfa & Williamson, 198 1) .
It has been reported that L-or DL-[2-'4C]alanine can be converted into lipid in mouse adipose tissue (Feller & Feist, 1962) and in slices of lactating rat mammary gland (Abraham et al., 1964 ) that contain adipocytes. To study the fate of the alanine carbon in isolated acini we have measured the production of "4CO2 from L-[U-"4C]alanine and the incorporation of radioactivity into lipid (Tables 4). In acini from fed lactating rats the rate of incorporation of L-[U-'4C]alanine into lipid was similar to the rate of production of 14CO2 from L-[1-_4C]alanine; insulin had no significant effect on either measurement (Table 4) . As expected, because of the low rate of L-[ 1-"4Clalanine oxidation, the rate of incorporation of L-[U-'4Clalanine into lipid was extremely low in acini from starved lactating rats (results not shown). Addition of dichloroacetate increased the rate of incorporation of L-[U-"4C]alanine into lipid to a value that was 50% lower than that of acini from fed lactating rats (Table 4) 
Comparison with other lipidprecursors
There is now a considerable amount of information on the rates of lipid synthesis from various precursors in isolated acini (Table 5 ). In terms of C2 units glucose is the most active; the rate with L-leucine is about 25% of that with glucose, whereas that with L-alanine is only about 7%.
Physiological implications
These experiments indicate that at peak lactation the mammary gland of the rat removes considerable amounts of L-alanine and L-glutamine from the circulation. By using the available data on mammary gland blood flow and gland weight (Chatwin et al., 1969) , and the arteriovenous differences given in Table 3 it can be calculated that the lactating gland of the rat fed the chow diet utilizes 2.4 mmol of L-alanine/24h and 3.0mmol of L-glutamine/24 h. Presumably the increased demand for amino acids during lactation is mainly satisfied by the higher food intake. A major fate of the amino acids taken up by the gland is synthesis of milk proteins. However, the present experiments show that at least in vitro L-alanine can act as a precursor of lipid. This evidence, taken together with previous studies on mammary-gland slices (Abraham et al., 1964) and the results of similar experiments on the conversion of L-leucine into lipid in the gland in vivo and in isolated acini (Vifia & Williamson, 1981) , indicate that certain amino acids can act as lipogenic precursors in lactating mammary gland. This means that amino acids taken up by the gland in excess of the requirements for protein synthesis could be channelled into lipid synthesis. This would be a physiological advantage, particularly if the lactating rat was fed a high protein diet; the necessity to first convert the gluconeogenic amino acids into glucose in the liver would be less if amino acids could directly form lipid within the gland. A key question Robinson & Williamson (1977b) Vifia & Williamson (198 1) The present paper Vol. 196 is the fate of the amino groups released from the amino acids that form lipids, because as demonstrated here they are not released as alanine or glutamine.
